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ABSTRACT
Fracture and subcrltlcal flow growth characteristics were experimentally deter-
mined for forging and electron beam (EB) welded Inconel 718 tankage material in
environments of high pressure gaseous and liquid oxygen. Static fracture,
sustained load, cyclic load and combined sustained/cyclic load tests were con-
ducted using precracked surface flawed specimens. Specimen thicknesses, weld-
ing and heat treating procedures, and environments were selected to simulate those
of either the Apollo Service Module/Electrical Power System (SM/EPS) LOX tank
or the Lunar Module/Envlronmental Control System _.M/ECS) GOX tank. For both
tanks, the failure mode was found to be leakage at proof and operating stress levels,
and no environmentally induced subcritical flaw growth was observed° In addition,
cyclic flaw growth rates at stress levels and stress ratios applicable to the SM/EPS
LO× tank are essentially zero°
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FOREWORD
As part of the Apollo 13 investigation, NASA requested the Aerospace Group of
the Boeing Company to perform an experimental study of the flaw growth and fracture
characteristics of EB welded Inconel 718 tankage material in an environment of
high pressure oxygen. This program was performed under NASA Contract NAS 9-
10913 during the period from April 24, 1970 to May 25, 1970, and the results are
reported herein. The work was administered under the direction of Mr. R. G.
Forman at NASA/MSC.
This program was performed by the Structures Research and Development organization,
C. F. Tiffany, Section Chief. J. N. Masters was Program Supervisor, and
W. D. Bixler, Technical Leader. Structural testing of specimens was conducted
by A. A. Ottlyk and C. C. Mahnken. Metallurgical and welding support was
provided by R. E. Regan and W. C. Butterfield. Don Good prepared the art work.
The information contained in this report is also released as Boeing Document
D180-10073 -1.
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SUMMA RY
The experimental work described herein was undertaken to investigate the frac-
ture and flaw growth characteristics of forging and EB welded Inconel 718 in
an environment of high pressure oxygen. The primary objective was to determine
whether or not there was a structural deficiency in the SM/EPS LOX tank which
could have contributed to the Apollo 13 incident. Since the GOX tank is also
made of EB welded Inconel 718, a secondary study was included on that tank.
The program was thus conducted in two major parts. Part I simulated the SM/EPS
LOX tank processing, thicknesses, and service conditions; Part II simulated the
I.M/ECS OOX tank processing, thicknesses, and service conditions. All fracture
tests were conducted using unlaxially loaded precracked surface flawed specimens.
Static, sustained, cyclic, and combined sustained/cyclic (suslic) loads were applied
to specimens with flaws in base metal, in weld nugget centerline (_) and in weld
heat affected zone (HAZ).
Part I consisted primarily of testing in LOX at 1000 psi pressure and -190°F. Addi-
tional reference tests were run in an alr/gaseous nitrogen mixture at -190°F. Fracture
tests were conducted at room temperature, -190°F, and -320°F. Welded specimens,
(which were tested in the as-welded condition) were nominally 0.111 inches thick;
base metal specimens were nominally 0.059 inches thick.
Part II consisted of flaw growth tests in room temperature gaseous oxygen at 1000 psi
pressure, and static tests in air at room temperature. Specimen dimensions and
processing procedures were tailored to simulate the LM/ECS OOX tank (i.e., aged
welded specimens were nominally 0.062 inches thick; base metal specimens were
nominally 0.031 inches thick).
The following major observations were made from the study conducted:
• The probable failure mode in both the SM/EPS LOX tank and the LM/ECS GOX
tank is leakage at both proof and operating stress levels.
iv
. No environmentally induced subcritlcal flaw growth was observed in testing
Inconel 718 in a high pressure oxygen environment for either the SM/EPS
LOX tank or the LM/ECS GOX tank.
. Cyclic flaw growth rates at stress levels and stress ratios applicable to the
SM/EPS LOX tank (R = 0.95) are essentially zero.
From these observations, the following conclusions were arrived at relative to the
Apollo 13 SM/EPS LOX tank:
1. No catastrophic brittle failure occurred.
. Flaw growth through-the-thlckness during flight to produce leakage or a
subsequent ductile failure is only a very remote possibility.
Therefore, the SM/EPS LOX tank material did not contribute directly to the Apollo
13 incident.
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I .0 INTRODUCTION
The objective of this investigation was to determine the fracture and flaw growth
characteristics of Inconel 718 tank materials in high pressure oxygen environments
as applicable to the Apollo Service Module/Electrlcal Power System (SM/EPS) LOX
tank and the Lunar Module/Envlronmental Control System (LM/ECS) GOX tank.
The program was conducted in two major parts as indicated below:
Program
Part !
SM/EPS
LOX
Tank
Part II
LM/ECS
GOX
Tank
Envi ron -
ment
Air at
70° F
LOX at
-190°F &
1000 psi
Air/GN2
at -190°F
LN 2 at
-320°F
Air at
70OF
Tensiles
SPECIMENS TESTED [_2_>
GOX at
70°F and
1000 psi
B
W
Static
Fracture Sustained
Load/
Unload Cyclic
B B
W
B W
W
F_B = Base Metal Specimens
W = Weldment Specimens
[_>Comblned Sustained/Cyclic Loading
Susl ic [_>
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2.0 BACKGROUND
The prediction of failure mode, and the estimation of minimum structural life of
metallic pressure vessels requires understanding of three major factors. These are
the initial flaw sizes1 the critical flaw sizes (i.e., the sizes required to cause
fracture at a given stress level), and the subcritical flaw growth characteristics.
2.1 Critical Flaw Sizes-Failure Mode
The failure mode of a pressure vessel is dependent upon the fracture toughness of
the material, thickness, and the applied stress level. For combinations of these
variables in which the critical flaw size is small with respect to thickness, the
failure mode is complete fracture1 and the vessel is termed "thick walled".
For surface flaws in uniformly stressed "thick walled" vessels, the critical flaw
sizes can be calculated using the expression:
(a/Q) cr =
I (i)
where :
a
Q =
a =
K =
Ic
depth (semi-minor axis) of a semi--elllptical surface flaw
flaw shape parameter (see Figure 1)
uniform stress applied perpendicular to the plane of crack
plane strain stress intensity factor or fracture toughness of
the material.
Figure 2 is a graphical representation of Equation (1).
If the critical flaw sizes approach or exceed the wall thickness, the vessel is termed
"thin walled". In order to predict critical flaw sizes as well as failure modes and
operational life of "thin walled" vessels, it is necessary to know the stress intensity
for flaws which become very deep with respect to the wall thickness. The stress
intensity solution for seml-elliptical surface flaws shown in Equation (1) was derived
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by Irwin (Reference 1) and has been found to be reasonably accurate for flaw
depths up to about 50 percent of the material thickness. At greater depthsr
the applied stress intensity is magnified due to the effect of the free surface
near the flaw tip. This means that in "thin walled" vessels the flaw tip stress
intensity can attain the critical value (i.e., the KIc value) at a flaw size which
is significantly smaller than that which would be predicted using Equation (1).
Kobayashi (Reference 2) has developed an approximate solution for deep surface
flaws which are long with respect to their depth (i.e., small a/2c values). The
results are shown in terms of a stress intensity magnification factor (MK), versus
a/t in Figure 3. This factor is applied to the original Irwin equation to obtain the
stress intensity for deep surface flaws. As Figure 3 illustratest the magnification
reaches a maximum value of about 60 percent. Experimental data obtained on several
materials appears to provide a fair degree of substantiation to the available solution
(References 3 and 4) for flaws of moderate aspect ratios (i.e., a/2c values from
0.10 to 0.20). Kobayashi's solution tends to slightly underestimate the magnifica-
tion for longer flaws.
Kobayashi's original solution was limlted to depth-to-thickness ratios (a/t) of 0.70.
The curve was later extended to greater depths for engineering use (i.e., the dotted
part of Figure 3) as substantiating data became available. In Reference 4 it was
found that use of this type of a solution was practical up to the point where the
plastic zone ahead of the flaw ti_was very large with respect to the remaining
unbroken ligament (t). For shallow flaws in brittle materlals_ the fracturing process
n
is very abrupt. The amount of flaw growth prior to failure, under a rising Ioad_
can usually be considered to be negligible. In this case, all important dimensions
(i.e., a and p ) are small with respect to thickness. However, as the plastic zone
becomes large (e.g., #//tn--_l .0), important deviations occur. Foremost of these
is that large amounts of stable crack extension can occur, under rising load, well
before complete fracture. An example of this behavior is illustrated in Figure 4.
2
[]_2_ O = 16 ay sThe plastic zone size herein is estimated as
4
This figure, from Reference 5, shows the amount of flaw extension which takes
place in 2219-T87 aluminum weldments. These specimens were loaded to a pre-
determined stress level and then the load was rapidly dropped to zero. After
fatigue marking the flaw front and failing the specimens, the growth-on-loading
was measured directly from the fracture face. Sign|ficantly, in fatigue tests at
constant maximum stress this growth--on-loading appears to occur only on the first
cycle. Growth on subsequent cycles proceeds at a much lower rate. Similar ob-
servations have been made for 2219-T87 aluminum weldments at --320 and -423°F
(Reference 4) and for titanium alloys (References 4 and 6). In the extreme case,
this slow flaw growth can result in the flaw growing completely through-the-thickness.
The specimen finally fails, upon a further increase in load as a through-the-thickness
crack. In this instance, of course, the surface flaw solutions are not meaningful
in describing the fracture process. As would be expected, predicted failure stresses
based upon plane stress data and the original surface flaw length (not depth) cor-
respond quite well (Reference 4). This is shown in Figure 5. The solid curve
represents the conventional stress-flaw size relation for through cracks in a titanium
alloy for an experimentally determined KCN value of 104.7 ksi ¢r_-tn. The curve
is based upon a finite width specimen of 4.0 inches, equal to the width of surface
specimens tested. Data points for the surface flaw specimens are plotted in terms
of gross failure stress versus initial flaw length (2c). The correspondence is seen
to be good until, of course, net section stress begins to approach the yield strength.
The above noted examples fall into the category of "thin walled" tankage and are
normally considered to be the type in which the predicted failure mode is leakage.
There are, however, combinations of flaw lengths and depths with which a ductile
fracture before leakage could possibly occur. This would require a very deep flaw
(i.e., p/t--_--1.0) whose length was effectively that of a critical through crack
n
length at the applicable operating or proof stress level. No known systematic study
of this type of flaw has been attempted.
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2.2 Subcritlcal Flaw Growth
An initial subcritlcal flaw (a/Q)i , as shown in Figure 2, can grow to critical
size (a/Q)cr due to fatigue (cyclic stress) and environmentally induced sustained
stress growth. Also, if the initial flaw is large with respect to the critical size,
sustained growth may occur in a relatively inert environment.
The growth of an initial flaw to critical size is normally predicted in terms of
cycles or time at load from the results of fracture specimen tests and fracture
mechanics analysis. It has been shown (References 7, 8 and 9) that for a given
environment and cyclic loading profile that the tlme or cycles to failure depends
primarily upon the magnitude of the initial stress intensity (Kli) as compared to
the critical stress intensity, KIc (i.e., cycles or time to failure = f(Kll/Kic)).
The most important characteristic observed in all sustained stress flaw growth experi-
ments performed to date is the existence of a threshold stress intensity level for a
given material in a given environment. This stress intensity is designated as KTH.
The observation has been that, below a given stress intensity, flaw growth has not
been detected and above this value, growth does occur and can result in fracture or
leakage. Threshold values vary widely and have been found to be affected by alloy,
heat treat level, grain direction, material form (e.g., base metal and weldment),
temperature, and environment.
Considerable experimental and analytical work has been performed on the problem
of fatigue crack growth (References 7, 8, 9, 10, 11, 12, 13 and 14). Much of
this work has involved study of the effect of varying stress intensity ratios, R
(i.e., R = Kmin/Kmax). It has been observed that cyclic crack growth rates
very rapidly decrease as R starts to exceed about 0.80 to 0.90. Figure 6 taken
from Reference 14 illustrates this point. The experimental points shown are from
thin surface flaw tests of 6AI-4V titanium.
6
2.3 Initial Flaw Sizes - The Proof Test
As noted in Paragraph 2.2, the growth of subcritical flaws has been found to be
primarily dependent upon the magnitude of the initial stress intensity as compared
to the critical value. A successful proof test to a load level above the operating
level provides an indication of the maximum possible initial to critical stress
intensity ratio. This maximum stress intensity ratio is related to the proof test
factor, o_ , as follows (Reference 9).
max. (Kll/Kic) = 1/a (2)
The effect of material thickness on the information gained in a proof test is illus-
trated schematically in Figure 7. As noted there are three general cases of
interest:
I. The critical flaw depths for relatively long (i.e., Q--_--1.0) surface
flaws at the proof and operating stress levels are less than the wall
thickness;
II. The critical flaw depth of a relatively long surface flaw is less
than the thickness at the proof stress level, but at operating stress
level it exceeds the wall thickness.
II!. The critical depth of relatively long surface flaws at the proof
and operating stress levels exceed the wall thickness.
In the first case, the predicted fracture mode would be catastrophic at both the
proof and operating stress levels if failure should occur. In case II, the predicted
failure mode at proof stress level is catastrophic and at operating stress level it is
leakage. In either case the allowable Kli/Kic ratio is less than the KTH/KIc ratio
to allow for cyclic growth to the extent necessary to prevent service operation at or
above the KTH. In the third case either the material has such a high toughness or
7
the vessel wall is so thin that flaws cannot atta|n critical s|ze at either the
proof or operating stress level. Consequently, the predicted failure mode at
both the proof and operating pressure is leakage. With regard to the maximum
possible initial flaw size that could exist in the vessel after a successful proof
test, all that can be said is that it is less than the wall thickness, otherwise
the vessel would have leaked during the test. E[_:>
Obviously, in this case the proof test does not provide assurance against leakage
due to multiple pressure cycles, since the initial flaw that was nearly through
the thickness could grow through in a very few number of operational cycles.
However, if the sustained stress threshold stress intensity, KTH to critical stress
intensity ratio is used as the maximum allowable Kli/Kic , the proof test should
provide some assurance against leakage during a single prolonged operational
cycle.
With regard to the case of a very long and deep flaw which might be
approaching crltlcalllty as an effective through crack (see Paragraph
2.1), it does appear that the proof test can provide some assurance
that service failure will not occur by this mode, (i.e., KI/K C in
operation _ I/a )
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3.0 MATERIALS
One hemispherical SM/EPS LOX tank forging made of Inconel 718 was supplied
by NASA/MSC Houston, Texas to conduct this investigation. The forging was
about 0.40 inches thick with a diameter of 25 inches as illustrated in Figure 8.
Prior to recelval of the forging at Boeing, it had been heat treated at 1800°F
for 1 hour, air cooled and then aged at 1325°F for 8 hours, furnace cooled to
1150°F, held for 10 hours and alr cooled.
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4.0 PROCEDURES
4.1 Specimen Fabrication
Precracked surface flawed specimens were used for all fracture tests including
static fracture, sustained load, cyclic, and combined sustained/cycllc load tests.
Overall dimensions of the specimens were tailored to the size and shape of the
available forging. As illustrated in Figure 8 specimens for Part ! (SM/EPS LOX
tank) and Part II (LM/ECS GOX tank) investigations were obtained from the same
hemispherical forging as described below:
Part I
Weld blanks were machined to the configuration shown in Figure 9a; having a
basic weld preparation thickness of 0.139 inches to simulate actual tank material
thickness prior to welding. The weld blank halves were electron beam (EB) welded
together in a vacuum using a 60KV Sciaky EB welding machine as shown in Figure
10. The weld schedule used on the specimens varied somewhat from that used on
the actual SM/EPS LOX tank, since available Boeing equipment has lower voltage,
higher amperage capability than that used on the tank. A typical mlcrograph of
the actual tank weld was obtained and weld settings were arrived at that would
closely simulate the actual tank weld. The welding schedule used is presented in
Figure 11 along with a photomicrograph of the weld. Final machining of the
weldments along with the forging blanks into tensile and fracture specimen con-
figurations shown in Figures 12a, 12b, 13a and 13b was then accomplished. The
final machined thickness of the forging and weldment specimens was 0.059 and
0.111 inches respectively, which was representative of actual tank wall thicknesses.
After final machining, the welded specimens were radiographic inspected. These
specimens did not receive any thermal treatment after receipt of the tank forging
at Boeing.
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Part II
Weld blanks were machined to the configuration shown in Figure 9b; having a basic
weld preparation thickness of 0.075 inches to simulate actual tank material thick-
ness prior to welding. The weld blank halves were EB welded together using the
same machine used in Part I welding. Again, as in Part I specimen fabrication,
weld settings had to be established to simulate actual tank welds. After viewing
a typical weld mlcrograph, the weld settings presented in Figure 14 were established.
The resulting weld is also shown in Figure 14 which closely simulates the actual
tank weld. These weldments plus rough machined forging specimen blanks were then
thermally aged to duplicate the LM/EPS GOX tank fabrication history. Aging was
done at 1325°F for 8 hours, furnace cooled at 100°F per hour to 1150°F, held far
10 hours and then air coaled. Final machining of the weldments along with the
forging blanks into tensile and fracture specimen configurations shown in Figures 15a,
15b, 16a and 16b was then accomplished. After final machining the welded speci-
mens were radiographic inspected. The final machined thickness of the forging and
weldment specimens was 0.031 and 0.062 inches, respectively, which was represen-
tative of the actual tank wall thicknesses.
Parts I and !1 investigations utilized surface flaws that were introduced into the
fracture specimens by using an electric discharge machine to form a starter notch
and then extending the notch by low stress/hlgh cycle tenslon-tension fatigue. The
fatigue extension was accomplished at a maximum gross stress of 40 ksl at 1800 cpm.
From 2000 to 36,000 cycles were required, depending upon the initial notch dimen-
sions and whether or not the material was forging or weldment. All precracking was
done in air at room temperature. The flaws put in Parts I and II welded specimens
were located in the centerline (_) and in the heat affected zone (HAZ). The flaws
on the weld centerline were introduced from the bottom side of the weld (opposite
the side the specimen was welded from) to simulate flaws exposed to the environments
the tanks contained. The flaws in the HAZ were located 0.007 inches outside of
the Fusion line referenced at the bottom side of the weld. These flaws in the HAZ
were introduced from the top side of the weld so that various depth flaws (greater
than 50 percent of the thickness) would have the flaw tips terminating in the HAZ.
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4.2 Static and Flaw Growth Test Setups
The same testing machines and setups were used for both Part I and Part !1 testing.
All non-hazardous tests were conducted in an environmentally controlled laboratory
at the Boeing Space Center. This includes all tensile, static fracture, sustained
in air and cycled in air specimens. Where temperatures other than 70°F were
required, the environmental control system shown schematically in Figure 17 was
employed. By manual control of gaseous and liquid nitrogen supplies, any tempera-
ture between -320°F and 70°F can be maintained. All non-hazardous tests were
conducted in a 120,000 lb. Baldwin universal testing machine with an MTS programmer.
Hazardous tests involving high pressure oxygen at -190°F and 70°F were conducted
at Boelng's remote Tulallp Test Site. Dead load machines of 10,000 and 30,000 lb.
capacity were used for the sustained and sustalned/cycllc testing. The sustained/
cyclic (susllc) load profile shown in Figure 18 was accomplished by automatically
removing a certain portion of the dead weights for one-half hour and then replacing
them for one-half hour. An overall view of two of the three dead load machines
used is shown in Figure 19 without specimens. A schematic of the system is also
shown in Figure 20. High pressure gaseous oxygen, regulated down to 1000 psi
was supplied to a small cup mounted on the specimen. A cup with a pressure
transducer pickup was also mounted on the back side of the specimen to sense the
pressure rise occurring when the flaw grew through-the-thlckness. These cups are
shown in Figure 21. Temperature conditioning of the gaseous oxygen to -190°F was
accomplished automatically using a gaseous/llquld nitrogen system as schematically
shown in Figure 22 and pictorially presented in Figure 23. Three way valves were
used to mix the proper amount of gaseous and liquid nitrogen to maintain the test
temperature. The test temperature was generally maintained with +_ 10°F and the
pressure within + 50 psi.
4.3 Experimental Approach for Static, Sustained, Cyclic and Sustalned/Cyclic
(Suslic) Load Tests
The experimental approach used during this study was the same for both Parts I and II
testing with the exception of the flaw sizes used. The targeted flaw shape (a/2c) i
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for Part I was 0.25 which was limited in part by the thickness of specimen required
and also by the size and shape of the available forging. Because of the thinner
test specimens required for Part II testing, smaller (a/2c)| ratios targeted at 0.15
were possible.
The mechanical property specimens were tested at a strain rate of 0.004 inch/
inch/mln, while the static fracture specimens were tested to failure in approximately
one minute. Flaw s|zes for the static fracture specimens were targeted so that
failure would occur below the yield strength in an attempt to obtain valid plane
strain fracture toughness values. In general, this necessitated going to deep flaws
relative to the thickness and in turn resulted in the flaws growing through-the-
thickness. To detect if and when the flaws grew through-the-thlckness prior to
failure for specimens tested at room temperature, the back side of the specimen was
observed visually.
The first sustained tests were conducted with specimens of flaw depths ranging from
50 to 85 percent of the thickness and loaded to either the operating or proof
stress° These stresses were based on a spherically shaped vessel having a 25 inch
diameter for the SM/EPS LOX tank and a 11.9 inch diameter for the LM/ECS
GOX tank. Some of the higher stressed/deeper flawed specimens grew through-the-
thickness upon loading and were then unloaded but generally, the specimens were
held at constant load for about 20 hours. After unloading, the specimens were
low stress cycled in air to mark the flaw front and then pulled to failure. Evidence
of growth was then observed by a separation between the initial fatigue crack ex-
tension and that of final mark|ng. Depending on whether or not flaw growth was
observed, the next group of specimens were loaded to lower or higher stress levels,
respectively. In addition to determining the combinations of stress and flaw depth
which caused growth and those which did not, it became necessary to separate
growth-on-loadlng from environmental/time dependent growth. This was accomplished
by loading specimens to predetermined stress levels and then immediately dropping
the load to zero and observing the fracture face for growth after marking and failing
the specimen.
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Cyclic flaw growth tests were conducted with a sinusoldal shaped loading profile
whereas the suslic tests were performed using the square wave loading profile
as shown in Figure 18. Susllc tests were conducted to determine what effect,
if any, a high stress ratio had on flaw growth as compared directly to sustain
loaded specimens.
4.4 Stress Intensity Solution
Where stress intensity values are reported, they were based on the following
expression:
K I = 1.95 a (a/Q) 1/2 M K
where
K I =
O =
a =
Q =
M K =
stress intensity
gross stress
flaw depth
shape parameter
Kobayashi's deep flaw magnification factor
Values of Q and M K are shown in Figures 1 and 3.
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5.0 TEST RESULTS AND ANALYSIS
5.1 Mechanical Properties
Mechanical property tests were conducted for the forging and weldment materials
used in the SM/EPS LOX tank (Part I) and LM/ECS GOX tank (Part II) evaluations.
Part I
The forging and weldment material were tested at temperatures of 70°F in air,
-190°F in alr/gaseous nitrogen and at -320°F in liquid nitrogen. In addition to
the extensometer used to measure strain on the forging and weldment tensile speci-
mens, a mini-strain gage (0.06 inch long) was positioned on the weld nugget of
the weldments. The results of these tensile tests are shown in Figure 24. The
strength of Inconel 718 increases as the temperature decreases for both forging and
weldment. Of interest is the large increase in the as-welded weld nugget yield
strength at -320°F as compared to temperatures between -200°F and 70°F where
the yield strength remained relatively constant. The detailed results are presented
in Tables I and II, respectively, for the forging and weldment.
Part II
Tensile tests were conducted at 70°F in air for the forging and weldment material and
the detailed results are presented in Table III. The forging material (re--aged Part I
forging material) demonstrated a modest increase of 6 percent in yield strength com-
pared to the forging used in Part I, whereas the aged weldments showed a significant
increase in weld nugget yield strength of 63 percent relative to the Part I as-welded
we I dments.
5.2 Fracture Tests
Part I
Static fracture tests of the Inconel 718 forging and weldment material were conducted
in air at 70°Ft in air/gaseous nitrogen at -190°F and in liquid nitrogen at -320°F.
The weldment specimens either had flaws located in the centerline (_) or in the heat
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affected zone (HAZ). The results of these tests are presented in Figures 25 and
26 while the detailed data are presented in Tables IV, V and VI. As both
figures indicate, the failure stress increases as the temperature decreases. The
specimens tested at 70°F were visually observed to have the flaws extend through-
the-thickness prior to failure in plane stress as a through-the-thlckness crack.
This condition also existed for the weldments tested at -190°F based on the results
of several intended sustain loaded specimens which had flaws that grew through-
the-thickness upon reaching maximum load as shown in Figure 28. Based on these
data it is assumed that all of the static fracture specimens having very deep flaws
( _> 70 percent of the thickness) did not fail in plane strain but had significant
flaw extension prior to failure to the point of growing through-the-thickness. No
plane strain fracture toughness values were obtained from the fracture specimens
that were representative of tank wall and weld thicknesses. The failure stresses
were above the local weld yield strength for the welded specimens tested at 70°F
and -190°F.
An attempt was made to obtain plane strain fracture of the weldment material by in-
creasing the specimen thickness. Two specimens with nominal thicknesses of 0.22
inches were prepared; one was then tested at 70°F and the other at -190°F. Neither
of the flaws of these specimens were observed to have grown through-the-thlckness
prior to failure. Failure for both specimens occurred at an apparent stress intensity
of 91.0 ksi _n'at stress levels which were above the weld nugget yield strengths.
To obtain a truly valid plane strain fracture toughness, failure would have to occur
below the yield strength which would require an even thicker specimen than tested.
These fracture tests do show that the failure mode of either the forging or weldment
is leakage at stresses less than the yietd strength and that any proof test conducted
does not guarantee any maximum possible initial flaw size less than the wall thickness.
This is a clasic example of a Case III pressure vessel as discussed in Paragraph 2.3.
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Part II
Static fracture tests of the Inconel 718 forging and weldment material were con-
ducted in air at 70°F. The weldment specimens either had flaws located in the
or HAZ. All of the spec|mens tested were observed to have flaws that grew
through-the-th|ckness prior to failure as shown in Figures 30 and 31, much the
same as the specimens tested in Part I. The detail data for these tests is presented
in Table VII. From the data obtained, a curve was generated for both forging and
weldment material representing a lower bound above which flaw growth through-the-
thickness could be expected. With both materials, flaw growth through-the-thickness
could be expected when stressed to the proof stress if a flaw greater than 90 percent
of the thickness was present. This is assuming the flaw was relatively long with
respect to the depth (a/2c = 0.15).
The same result was obtained with these tests as in Part I, mainly that no plane
strain fracture toughness values were generated from specimens that were representa-
tive of tank wall and weld thicknesses. These fracture tests do show that the failure
mode of either the forging or weldment is leakage at stresses below the yield strength
and that any proof test conducted does not guarantee any maximum possible initial
flaw size less than the wall thickness.
5.3 Sustained Load and Growth on Loading Tests
Part I
Inconel 718 forging and weldment specimens were sustain loaded in LOX at -190°F
and 1000 psi for a minimum of 20 hours. The weldment specimens either had flaws
located in the _ or HAZ. The results of these tests are presented in Figures 27,
28 and 29, while the detailed data are presented in Tables VIII, IX and X. Flaw
growth was observed in both the forging and weldment materials for particular com-
binations of stress and flaw depth, but because of the growth through-the-thlckness
observed with the static fracture specimens additional tests were conducted to separate
time dependent, sustained load flaw growth from growth-on-loadlng. Key specimens
that showed flaw growth after being sustain loaded for a minimum of 20 hours were
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duplicated with specimensof slmilar depth flaws and loaded to the samestresslevel
and then immediately unloaded. Theseload/unload specimentestswere conducted
in an air/gaseous nitrogen environment at -190°F and the detailed data for these
specimens are presented in Table XI. These specimens indicated as much growth
as the specimens they duplicated, thereby proving that what was observed as growth
in the sustained specimens was indeed growth occurring during Ioadlng the specimen
and not environmentally induced. Fractographs of specimens showing growth are
presented in Figures 32 and 33 for comparison. One notable exception to the
growth-on-loading observed occurred when one welded specimen with a flaw in
the _ grew through-the-thickness after being loaded for 37 minutes. Thls speci-
men had an 82 percent deep flaw and was loaded to 120 ksi as illustrated in
Figure 28. The amount of growth occurring on loading for this specimen was prob-
ably appreciable as adjacent specimens did grow through-the-thickness upon loading.
It is believed that the time dependent flaw growth indicated by this specimen was
not environmentally induced but a function of the flaw condition and stress level,
and would have occurred in any inert environment.
For both the forging and weldment materials, it was possible to generate a curve
above which Flaw growth-on-loading could be expected to occur as indicated in
Figures 27, 28 and 29. As illustrated in Figure 27 for the forging material, a
flaw depth of greater than about 50 percent of the thickness could grow upon apply-
ing the proof pressure. No flaw growth could be expected when stressed to the
maximum design operating stress ( a MDOP) for flaw depths up to about 90 percent
of the thickness. A curve was also generated from the data obtained for the weld-
ment material, above which flaw growth through-the-thickness could be expected.
Specifically, flaw growth through-the-thickness could result if stressed to the proof
level and a flaw was present which had a depth greater than 90 percent of the
thickness. These observations are based on flaws that had an a/2c = 0.25.
In summary, within the range of stress levels and flaw sizes tested, the high pres-
sure oxygen environment at -190°F and 1000 psi did not promote flaw growth of
Inconel 718 forging or EB weldment material.
2O
Part II
Inconel 718 forging and weldment specimenswere sustain loaded in GOX at 70°F
and 1000 psi for a minimumof 20 hours. The weldmentspecimenseither had
flaws located in the _ or HAZ. The results of these tests are presented in Figures
30 and 31, while the detailed data are presented in Tables XII, XIII and XIV.
Just as observed during the Part I sustained testing, several specimens had an indi-
cation of flaw growth after being loaded for about 20 hours in the oxygen environ-
ment. Again, load/unload specimens were tested in air and found to have as
much flaw growth as the sustained specimens they duplicated. The results of these
load/unload specimens are also illustrated in Figures 30 and 31 along with the
detail data presented in Table XV. Fractographs of specimens exhibiting flaw growth
are presented in Figures 34, 35 and 36.
5.4 Sustalned/Cycllc (Susllc) Tests
Suslic tests with the loading profile shown in F|gure 18 were conducted to simulate
actual in-fllght pressure conditions within the SM/EPS LOX tank. The cyclic rate
of 1 cph was slightly higher than the actual rate experienced with the Apollo 13
tank, but felt to be conservative. These tests were intended to determine if high
flaw growth rates existed with Inconel 718 in an oxygen environment at high mini-
mum to maximum stress ratios (R = 0.95).
Susllc tests were conducted with the forging and weldment material in LOX at -190°F
and 1000 psi. The weldment specimens had flaws located in the HAZ. The selection
of the HAZ was somewhat arbitrary since no discernible differences had been observed
in the results obtained with flaws located in the _ or HAZ during static fracture and
sustain tests. The results of the susllc tests are presented in Figures 27 and 29 for
the forging and weldment materials, respectively. The detailed data are presented in
Tables XVI and XVII. As indicated, some of the tests were conducted at a more
conservative stress ratio (R = 0.895) value before the actual R value of 0.950 for
the Apollo 13 tank was made known. For the susllc tests performed at maximum
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stresslevels and flaw sizes below the no flaw growth-on-loading curves, the
results showed that flaw growth was less than 0.001 inches, even after 55.5
cycles (55.5 hours). Suslic specimenstested above the growth-on-loading
curves, exhibited flaw growth on the sameorder of magnitudeas that observed
for the growth-on-loading specimens.
Basedon these test results, it appears that suslic flaw growth rates at high R
values (0.950) with Inconel 718 in oxygen are essentially zero.
5.5 Special Flaw Growth Tests
Several special tests were conducted to determine the amount of flaw growth pro-
duced by cycling Inconel 718 specimens at high R values (0.950) for 15,000
cycles. These tests were conducted in an air/gaseous nitrogen environment at
-190°F and the results are presented in Figure 27 for the forging test and in
Figure 37 for the weldment tests. The detail data for each specimen is contained
in Tables XVIIla, XVIIIb, XVlllc and XVIIId. No specimens exhibited more than
0.001 inches of flaw growth after the 15,000 cycles. One welded specimen,
tested to simulate various stress conditions experienced by the Apollo 13 SM/EPS
LOX tank, did not show any flaw growth after 12 room temperature proof cycles
to 75 ksl, 15,000 high R value (0.950) cycles to 52.1 ksl at -190°F and one
final cycle to 67.7 ksl.
These results along with those of the susllc tests discussed in Paragraph 5.4 indicates
that essentially zero flaw growth rates are obtained when Inconel 718 is subjected
to high R value (0.950) cycles and stress levels below proof in either high pres-
sure oxygen or air/gaseous nitrogen at -190o1: .
5.6 Comparison of Flaw Extension Methods and Specimen Width Requirements
Because of the apparent differences in the sustained load behavior of Inconel 718
weldments in LOX at -297o1: as reported in Reference 15 and the results obtained
during Part I testing with weldments in LOX at -190°F and 1000 psi, an investi-
gation was undertaken to determine if the different flaw extension methods or specimen
width to flaw length ratios (W/2c) employed were responsible for the differences.
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Reference 15 results had indicated significant sustained load growth at combinations
of stress level and flaw size where no growth was observed in the Boeing generated
data. It is realized that differences other than those noted above were present,
such as TIG welds versus electron beam welds, but proving or disproving that these
specimen preparation procedures mentioned above had any effect on the sustained
load flaw growth characteristics would be helpful in understanding the behavior
of Inconel 718.
Reference 15 generated data was obtained from surface flawed fracture specimens
in which the initial crack extension was done with low stress cyclic bending rather
than low stress cyclic tension as done with the Boeing prepared specimens. Bending
stress levels of + 45 ksi for weldment specimens were used by Reference 15 investi-
gators. In addition, the specimen W/2c ratio was about 3.0 for the Reference 15
specimens as compared to a value of 4.0, established For the Boeing specimens.
Previous tests (Reference 16) have indicated that at W/2c ratios less than 4.0,
bending stresses become significant. These bending stresses are caused by the shift
in neutral axis due to the presence of the flaw.
A specimen, 72W, was selected from Reference 15 as being typical of the specimens
showing the sustain load Flaw growth results obtained. This partlcular specimen had
been stressed to a level of 80 ksl For a period of three hours in liquid oxygen and
had indicated 0.011 inches of growth in the depth direction. Detailed data on this
specimen are presented in Table XIXb. Three specimens were prepared at Boeing
which had flaw sizes targeted at the 72W specimen flaw size. The first of these
specimens had a W/2c ratio of about 4.0 with the crack extended in tension fatigue,
the second had a W/2c ratio of about 3.0 with the crack extended in tension fatigue
and the third had a W/2c ratio of 3.0 with the crack extended by complete reversal/
bending fatigue. Maximum fatigue stress for all specimens was maintained at 45 ksl.
The three specimens were sustain loaded at -190°F in an air/gaseous nitrogen environ-
ment at 80 ksl for three hours and then unloaded, marked and failed. Marking the
flaw front was done in the same manner as the initial crack extension for each of
the specimens. The results of these three specimens are shown in Figure 37 along
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with the reference specimen, 72W. Neither of the two specimens, where the
crack was extended by tension fatigue, showed any sustained load flaw growth,
even though different W/2c ratios existed. The one specimen, where the crack
was extended in bending fatigue, showed considerable growth. The growth ob-
served was primarily in the flaw length direction. The detailed data for each
specimen are presented in Table XIXa. Fractographs of all four specimens are
presented in Figure 38 for comparison.
Although not as much growth was observed in the Boeing prepared, fatigued in
bending specimen as the reference specimen 72W, the results indicate that probably
part of the growth observed in the Reference 15 specimens was due to the manner
in which the crack extension was accomplished. The smaller W/2c specimen did
not show any growth under the stress condition tested. From this investigation,
it appears that if a fracture specimen is to be tested in tension then the initial
crack extension should also be performed in tension.
5.7 Cycle to Leakage Tests
Part I
Three Forging specimens with varying depth flaws were cycled to leakage (the
instant the flaw broke through the back surface) at 70°F in air at a stress level of
105 ksi. A cyclic rate of 40 cpm was used along with an R value of about zero.
The number of cycles required to produce leakage as a function of initial flaw depth
is presented in Figure 39. Cycle to leakage flaw growth rates were calculated and
are presented in Figure 40 as a function of stress intensity. The detailed test data
are presented in Tables XXa.
A single weldment specimen with a deep flaw located in the HAZ was cycled to
leakage at -190°F in an environment of alr/gaseous nitrogen and at a maximum
stress of 87.2 ksl. A cyclic rate of 90 cpm was used along with R = 0.095.
Four hundred and ninety--one (491) cycles were required to produce leakage which
corresponds to an average flaw growth rate of 16.9 micro-inch/cycle. This growth
rate result is also presented in Figure 40. The detailed test data for this specimen
are presented in Table XXb.
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Part II
A single weldment specimen with a flaw located in the HAZ was cycled to
leakage at 70°F in alr at a stress of 50 ksl. A cyclic rate of 40 cpm was used
with R = 0. An average flaw size growth rate of 0.3 micro-inch/cycle was
obtained and is also illustrated in Figure 40. The detailed test data for this
specimen are presented in Table XXc.
In general, there appears to be good agreement in the flaw growth rates obtained
between all the varlous forglng and weldments cycled to leakage, regardless of
the aglng and test temperature. Reduced to the same stress level, all of the
growth rates obtained would fall about on the same curve.
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6.0 OBSERVATIONS AND CONCLUSIONS
The following major observations were made from the study conducted:
•
.
.
The probable failure mode in both the SM/EPS LOX tank and the LM/ECS
GOX tank is leakage at both proof and operating stress levels.
No environmentally induced subcrltical flaw growth was observed in testing
Inconel 718 in an high pressure oxygen environment for either the SM/EPS
LOX tank or the LM/ECS GOX tank.
Cyclic flaw growth rates at stress levels and stress ratios applicable to the
SM/EPS LOX tank (R= 0.95) are essentially zero.
From these observations the following conclusions were arrived at relative to the
Apollo 13 SM/EPS LOX tank:
•
2.
No catastrophic brittle failure occurred•
Flaw growth through-the-thlckness during flight to produce leakage or a sub-
sequent ductile failure is only a very remote possibility.
Thereforer the SM/EPS LOX pressure vessel material was not directly responsible
for the Apollo 13 incident.
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Figure 13b: WELDMENT FRACTURE SPECIMEN (PART I)
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Table I: MECHANICAL PROPERTIES OF INCONEL 718 FROM
SM/EPS LOX TANK FORGING (PART I)
c I- _ Z_
_ i v ,,, __ - .
BT-1 0`060 0.508 Air 70 169.6
BT-2 0`061 0.509 Air 70 170.0
Avg.
169.8
BT-3 0.061 0.505 Air/GN 2 -190 190.2
BT-4 0.062 0.507 Air/GN 2 -190 188.2
Avg.
189.2
BT-5
198.0
197.0
_z
z__Sz
W
27
26
Avg. Avg.
197.5 27
229.3 19
227.7 21
Avg. Avg.
228.5 20
_>
_,,<,
=OZ--
rr
38
36
Avg.
37
35
45
Avg.
4O
0`060 0.498 LN 2 -320 192.5 251.3 34 41
Heat Treated at 1800°F for 1 Hour and Air Cooled. Aged at 1325°F for 8 Hours,
Furnace Cooled to 1150°F, Held for 10 Hours and Then Air Cooled.
Table I1: MECHANICAL PROPERTIES OF INCONEL 718 FROM
SM/EPS LOX TANK WELDMENTS (PART I)
o _
• _ 2 _ _ _
Z
,,,
E_ _o- _z
WT-4 0.111 0.756 Air 70
W'I'-5 0.105 0.746 Air 70
WT-1 0.111 0.757 Air/G N 2 -190
WT-2 0.111 0.758 Air/G N 2 -190
WT-3 0.112 0.757 LN 2
[_> As Welded Electron Beam.
-32O
112.5 125.7 158.0
103.1 120.2 153.7
Avg. Avg. Avg.
107.8 123.0 155.9
111.1 136.8 186.5
109.4 138.4 186.7
Avg. AVg. Avg.
11 0`3 137.6 186.6
150.8 156.7 197.2
3 31
2 35
Avg. AVg.
3 33
4 3O
4 29
AVg. Avg.
4 30
3 27
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Table V: STATIC FRACTURE TESTS OF INCONEL 718
<c
UJ
<c
=E
Forging
¢N
°--
_
g. LL
O
¢II
v
B1 - 0.061 0.050 0.203 0.246
B2 - 0.062 0.036 0.146 0.244
Wl GL 0.111 0.056 0.245 0.228
W2 CL 0.112 0.082 0.355 0.231
Weldment W3 HAZ 0.106 0.081 0.350 0.232
W4 HAZ 0.111 0.092 0.366 0.251
W39
HAZ 0.218 0.109 0.413 0.264
Weld Nugget Yield Strength
Testedat -160°F
IN AIR/GN 2 AT-190°F (PART I)
UJLU
n-.-
169.0 189.2 0.894 0.820
187.3 189.2 0.989 0.581
110.3
152.2 _ > 1.0 0.505
110.3
139.9 _ >1.0 0.732
110.3
133.5 _ >1.0 0.765
r
110.3
137.7 _ >1.0 0.828
110.3
151.0 _ >1.0 0.500
Table VI:
/
<
E
UJ
F-
Forging
Weldment
E>
STATIC FRACTURE TESTS OF INCONEL 718 IN LN 2 AT -320°F
z z
_0 Z
_z _
B20 - 0.061
B21 - 0.061
W20 CL 0.112
W36 HAZ 0.112
W37 HAZ 0.102
04
..J J
IJ. IJ,.
0.047 0.196
0.052 0.208
0.091 0.363
0.088 0.365
0.0_9 0.390
Weld Nugget Yield Strength
U.
UJUJ I_
----
o< l_
0.240 185.8 192.5
0.250 179.8 192.5
150.8
0.251 135.8 _
150.8
0.241 150.0
150.8
0.228 138.5
(Part I)
I.I.
¢)
0.965
0.932
0.900
0.996
0.919
fl=
0.771
0.853
0.812
0.785
0.873
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